Phosphorus is one of the limiting macrominerals in poultry diets. Typical P sources are plant origin feedstuffs, fish meal, bone meal, and inorganic feed phosphates (e.g., dicalcium phosphate; DCP). Phosphorus supports skeletal development and plays a vital role in metabolic functioning and growth of the body (Scott et al., 1982; Soares, 1995) . The poor availability of P in plant feedstuffs results in poultry diets with inorganic feed phosphate supplementation in an attempt to supply P in a digestible form to support the requirements of modern broiler chicks (Viljoen, 2001 ). However, the P utilization from all inorganic feed phosphates is not equal and, therefore, the aptness of feed phosphate choice is based primarily on its P utilization relative to a standard phosphate source of DCP. Rock phosphate is one of the inorganic sources of P in poultry diets and can potentially substitute for DCP that has to be imported into many countries at higher cost than indigenous rock phosphate sources.
INTRODUCTION
Phosphorus is one of the limiting macrominerals in poultry diets. Typical P sources are plant origin feedstuffs, fish meal, bone meal, and inorganic feed phosphates (e.g., dicalcium phosphate; DCP). Phosphorus supports skeletal development and plays a vital role in metabolic functioning and growth of the body (Scott et al., 1982; Soares, 1995) . The poor availability of P in plant feedstuffs results in poultry diets with inorganic feed phosphate supplementation in an attempt to supply P in a digestible form to support the requirements of modern broiler chicks (Viljoen, 2001 ). However, the P utilization from all inorganic feed phosphates is not equal and, therefore, the aptness of feed phosphate choice is based primarily on its P utilization relative to a standard phosphate source of DCP. Rock phosphate is one of the inorganic sources of P in poultry diets and can potentially substitute for DCP that has to be imported into many countries at higher cost than indigenous rock phosphate sources.
Rock phosphate is abundantly available in many areas of the world; however, its nonphytate P (NPP) value relative to a standard P supplements for broilers is yet to be ascertained. Local phosphate could substitute for more expensive imported phosphate if analyzed and processed for broiler diets. Studies (Sullivan et al., 1994; Summers, 1997) revealed that P from rock phosphate sources is less available than the P from precipitated DCP. In the raw form rock phosphate may have impurities, which may consist of some microminerals in excessive and even toxic amounts, hampering biologi-cal activities. One such impurity could be F, which is more important for poultry than ruminants. It has long been known that high ingestion of F from rock phosphate reduces BW gain of chicks (Phillips et al., 1935; Gerry et al., 1947) . Sullivan et al. (1994) and Summers (1995) concluded that impurities like F could reduce the P utilization from rock phosphate compared with its pure form DCP. Fluorine is not considered to be an essential nutrient for poultry and is usually ignored by the poultry industry, yet indications exist that small quantities of dietary F can improve bone quality and improve overall performance of broilers (Zipkin, 1970; Chan et al., 1976; Merkley and Miller, 1983; Huyghebaert et al., 1988) . In some countries, rock phosphate is processed for removing impurities, which further enhances its P utilization and reduces the risk of toxic minerals in finished feed. The quality of Hazara rock phosphate (HRP) for its nutritional equivalence to a reference feed phosphate source is still uncertain. The study aimed 1) to investigate the effects on growth performance of replacing DCP with the locally available rock phosphate in corn and soybean meal broiler diets and 2) to evaluate its effects on the Ca and P contents of tibia and blood serum in broiler chickens in relation to the dietary F contributed by HRP.
MATERIALS AND METHODS
A total of 400 one-day-old male broiler chicks (Hubbard) were raised on a commercial starter diet for 5 d with free access to water. On d 5, 250 broiler chicks of approximately the same weight and appearance were randomly allocated to 5 treatments with 5 replicate pens of 10 chicks each. Five experimental diets were formulated to include adequate levels of all nutrients needed to satisfy the chicks' minimum requirements (NRC, 1994) with the same levels of Ca and NPP.
The DCP was used as the P source in the basal diet. Rock phosphates were collected randomly from 3 different locations at Hazara, Pakistan (data not shown). A Hazara rock phosphate sample based on high NPP and low F contents was selected for the experiment. The P supplements (DCP and Hazara rock phosphate), corn, and soybean meal used in the diets were analyzed for Ca, total P (AOAC, 2005), and phytin P (Haugh and Lantzsch, 1983) . Fluorine content in DCP and HRP was measured with an ion selective electrode (AOAC, 2005) . The DCP used contained 19.4% NPP, 25.5% Ca, and <0.01% F. The Hazara rock phosphate contained 13.16% NPP, 23% Ca, and 2.98% F ( Table 1 ). The HRP was incorporated into a standard diet based on corn and soybean meal to replace the amount of NPP provided by the DCP at 0, 25, 50, 75, and 100% level. Thus, the F contents of the diets contributed from HRP were 0, 141, 281, 422, and 562 mg/kg, respectively (Table 2). The Ca and NPP contents of all test diets were maintained constant at 1.0 and 0.45%, respectively.
After consuming a commercial starter diet for 5 d, the chicks were fed the experimental diets for 30 d ad libitum (preconditioned for 2 d). Data were collected from 7 to 35 d. Body weight gains and feed consumptions were recorded on a weekly basis. Chicks were reared in an open-sided house in floor pens (1.5 m × 2.5 m) where the birds were exposed to a 14L:10D cycle. Feeders, drinkers, lightbulbs, and other necessary materials were provided to chicks in each pen to maintain uniform management and environmental conditions. On d 35, 2 birds from each replicate were randomly selected, weighed, and processed, and the hot carcasses were weighed. The hot carcass weight was recorded after bleeding, eviscerating, and removing the skin, neck, and shanks. Blood samples from the 2 processed birds/ replicate were collected for serum separation. The left tibia of each bird was removed and cleaned of adhering tissue and then packed in polyethylene bags and stored frozen until analyzed. The defatted dried tibia bones were ashed overnight in a muffle furnace at 550°C. The Ca and P contents per gram of tibia ash were determined using the AOAC (2005) method. The blood serum was analyzed in duplicate for Ca and P contents by a commercial laboratory.
Data were analyzed by ANOVA using the GLM procedure of SAS (SAS Institute, 2006 ). Tukey's multiple range test was applied to separate means. A P-value of ≤0.05 was considered statistically significant. The linear and quadratic polynomial effects were fitted with the growth performance, Ca and P contents of tibia and serum as a function of HRP levels. One feed intake (FI) weight more than 6 SD from the mean was considered an outlier and not considered in this analysis.
RESULTS
Substituting 25% HRP for DCP in the diet significantly (P < 0.05) increased average BW gain whereas 100% HRP substitution containing higher levels of F (562 mg/kg) decreased (P < 0.05) average BW gain (Table 3 ; Figure 1 ). Initially, BW gain, was increased by about 1.36 g with every 1.0% increase of HRP; above 36.5% HRP substitution in the diet, BW gain was decreased by about 2.35 g/1.0% increase in HRP. Feed intake was not a linear function of HRP, but showed a slight curvilinear relationship (Table 3 ; Figure 2 ). Increasing the level of HRP caused a decline in FI. Hazara rock phosphate contributed significantly to variation in FI when the quadratic effect was included in the model (P < 0.05; R 2 = 0.81). Considering the multiple range test results, replacing 50% of DCP with HRP did not influence FI. However, a continuous decline was found in FI with increasing levels of HRP and the quadratic coefficient was different from 0: FI (g) = 2,044 + 0.7885 × HRP − 0.0369 × HRP 2 ). The FI decreased by an average of 3.77 g with each 1.0% increase in the level of HRP beyond 27% HRP in the diet. The effect of HRP was not pronounced (significant at P < 0.05) until 75% HRP was fed. The effect of level of HRP in the diet on chick FCR is best represented by a single linear function. The apparent nonsignificant improvement in FCR by replacing DCP with 75 and 100% HRP in the diets could be attributed to the decreased FI by the broiler chickens.
Replacing DCP with the HRP up to 50% showed significant increases in hot carcass weights (Table 3) . Hot carcass weights were quadratic functions of placing HRP in the diet with DCP and were increased by an average of 1.93 g with each degree increase in the percentage of HRP. The highest predicted hot carcass weight of 801.73 g was obtained at 47.4% HRP at the expense of DCP. It was decreased by about 2.11 g for each 1.0% HRP substitution after obtaining maximum and reached the minimum weight at 100% replacement of DCP with HRP. The relative weight of liver attributed to different HRP levels was found to best be represented by a quadratic function. It was significantly increased by increasing the level of HRP in the diet, maximizing (P < 0.05) at 100% replacement of DCP with HRP.
The Ca content per gram of tibia ash was a quadratic function of HRP substitution level (Table 4) and was predicted to be highest at 56% HRP. Thereafter, it decreased by about 0.01 mg/kg with each 1.0% HRP substitution. However, the serum Ca content was increased linearly with an increasing level of HRP in the diets (linear function). Increasing HRP in the diet consistently decreased P content of tibia by an average of 0.02 mg/kg with each 1.0% replacement of HRP (linear function; Figure 3 ), whereas the P content of blood serum was a quadratic function of percentage HRP substitution (Figure 4 ). It declined consistently and was predicted to be lowest (P < 0.05) when DCP was replaced by 77% HRP, suggesting poor P utilization at higher level of HRP. Mortality was less than 1% and not related to treatment.
DISCUSSION
To best evaluate these results, 2 statistical techniques need to be compared. The regression analyses establish that the FI and BW gain responses to increasing HRP level are nonlinear. The multiple range test establishes that the lowest level of HRP does indeed cause a significant increase in BW gain but not in FI. Then the quadratic polynomial relating BW gain = f (% HRP) can be solved to establish the level of HRP that results in the maximal BW gain; about 36.5% substitution of HRP (205 mg of F/kg) appears to be helpful. The performance results indicate no deleterious results in feeding up to 75% HRP for DCP, although tibia and blood serum P levels are decreased with that much HRP. The initial positive response in BW gain to HRP may be explained by some positive effect of the small amount of F in the diet (or perhaps some other contaminant in the HRP). One possible cause is from the well-known ability of fluoride to replace the OH − ion in hydroxyapatite in bone to form fluorapatite, a stronger, more stable constituent (Zipkin, 1970; Chan et al., 1976; Merkley and Miller, 1983; Huyghebaert et al., 1988) .
The BW gain and FI were significantly reduced when chicks were fed high HRP-based diet compared with the DCP diet. The high dietary F content in HRP (>205 mg of F/kg) may have caused toxic effects and reduced the broiler performance. High dietary F is reported to influence the appetite center in the brain (Phillips et al., 1935) and is known to reduce the utilization of energy (Gardiner et al., 1968) , possibly because of an inhibitory effect of F on fatty acid oxidase (Johnson and Lardy, 1950) and intestinal lipase (Suttie and Phillips, 1960) . The higher levels of F in the diet may have hampered some biological activity and reduced the utilization of P from HRP as observed from the low P content of tibia and serum. A part of the decrease may also be attributable to the lowered P intake at the highest levels of HRP. However, the exact mechanism involved is yet to be elucidated. These results are similar to those of Veloso et al. (1996) , Borges et al. (1997) , and Rezende et al. (1998) , who reported impaired FI and reduced BW gains in broilers fed high rock phosphate as a P supplement. Significant reduction in growth performance of broiler chicks was also noticed (Fernandes et al., 1999; Odongo et al., 2002) when Busumbu rock phosphates were included in the test diets at levels sufficient to replace the amount of P provided by the DCP.
Because growth reduction is generally accepted as a good indicator of F toxicity (NRC, 1994) , the safe level of F tolerance has been studied based on growth rates. The growth performance in the present study was maximized at 205 mg of F/kg and its presence in poultry feed above this limit leads to reduced growth performance. However, the safe level of F reported for broilers is not consistent (Weber et al., 1969; Suttie et al., 1984; Huyghebaert et al., 1988; Rama Rao and Reddy, 2001 ). The variations observed in the levels of F tolerance seem to be attributed to differences in the strain of birds, age, and types of rock phosphate used. The values observed for Ca and P contents per gram of tibia ash were in close agreement with those reported by Jamroz et al. (2004) but were approximately 15 and 29% lower than the values reported by Chan et al. (1976) and Viveros et al. (2002) , respectively. However, the present values were almost twice the values reported by Skinner and Waldroup (1995) .
Although the main source of Ca (ground limestone) in the diets was proportionally decreased with increasing levels of HRP, the Ca contents of the tibia were increased and maximized at approximately 56% HRP (or until a dietary F content of 315 mg/kg was reached). The Ca content of the serum was also increased linearly with increasing level of HRP. This suggests that replacement with HRP contributed to high Ca levels in the tibia and serum. However, DCP replacement with HRP consistently decreased the P content of tibia and serum. Similar tibia mineral content results were reported by Viveros et al. (2002) and Demirel et al. (2007) . Demirel et al. (2007) showed that the P content of tibia ash was significantly reduced when the Ca content was increased. In the current experiment, Ca:P ratios in tibia ash were 1.94:1 for the control and increased to 2.32:1 at high HRP levels (Table 4 ). This response was qualitatively similar to, and may have resulted from, changes in serum Ca and P levels. Trends in bone and blood Ca and P (Table 4) were qualitatively similar to the study by Viveros et al. (2002) . In the study by Rama Rao and Reddy (2001), a similar pattern of changes in serum Ca and P occurred, but tibia P was constant whereas Ca level decreased.
The source of P supplement had a significant effect on the P and Ca contents of tibia and blood serum. The tibia and serum P results showed that the Hazara rock phosphate was inferior to DCP at all levels fed, suggesting low P utilization from HRP. However, these results are difficult to interpret because the birds grew better. Other reports (Nelson and Walker, 1964; Peeler, 1972; Nelson et al., 1990; Sullivan et al., 1992 ) using tibia bone ash as a response also found rock phosphate to have a lower P utilization than DCP. The exact reason is still unknown, but perhaps some unknown contamination or differences in solubility of HRP caused differences in the P and Ca contents of tibia and serum. Another possible reason could be the irregular Ca:P ratio (McDonald et. al., 1995) observed between the Ca and P contents of tibia and serum. Unbalanced Ca:P ratios limit the utilization of P (McDonald et al., 1995; Van der Klis and Versteegh, 1999) , whereas other minerals antagonize P absorption (Soares, 1995) . Harrold et al. (1983) indicated that an excess of Ca might reduce the availability of P through the formation of insoluble Ca phosphates in the gastrointestinal tract.
The low R 2 values observed for Ca content of tibia and serum indicate that other sources of variation are involved. It indicates absolutely nothing about how important the contribution of Ca is by itself (only as a proportion of the total). The other variation observed may have other nutritional causes, but most of it is probably attributable to individual variation. Birds fed exactly the same diets have different bone parameter values. Therefore, unexplained variation in response to nutrients will always exist. The nutrients still have significant and highly significant meaningful effects.
Rock phosphate may be processed for removing impurities to further enhance P utilization in the feed. Hazara rock phosphate contains some fluorapatite and therefore can be efficiently utilized after removing excessive F. Sullivan et al. (1994) and Summers (1995) concluded that impurities such as high amounts of F could reduce the P utilization of rock phosphate compared with its pure form DCP. If the indigenous resource could substitute the imported source, this would decrease foreign exchange, reduce the feed cost, and generate local employment. Further investigations are suggested in order to analyze the Hazara rock phosphate for its constituent compounds and to investigate the suitable method(s) of removing the impurities and to determine its biological value for broiler chicks. Complete defluorination may not be necessary because broilers fed up to at least 25% HRP performed better than controls.
In conclusion, growth was maximized by feeding about 36.5% HRP (205 mg of F/kg) and 63.5% DCP as P supplements to broilers. This study demonstrates that a replacement between 25 and 50% DCP in the diet with HRP having F contents between 141 and 281 mg/kg could be used safely without significantly decreasing the growth performance of broiler chickens. Although growth performance may not be adversely affected by feeding 25 to 50% HRP, skeletal integrity may be compromised because all levels of HRP decreased tibia and serum P. It might be worthwhile to more closely examine the effects of other contaminants (Mg, Mn, Zn, and Fe) in HRP on the retention of Ca and P in tibia and blood serum and growth performance of broiler chickens.
